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An efficient In- or In(l)-based stereoselective C  —C bond formation is reported; the diastereoselective Reformatsky-type reactions of ketones.

The predominant formations of  anti isomers, confirmed by the X-ray structure analyses of ester derivatives of respective alcohols 9a ; and
13a, conclusively revealed the stereochemistry of the reaction path. IH NMR investigations revealed the formation of two types of o-metalated
transient species from  a-halo esters with In or In(l) halides.

Stereoselective carbon—carbon bond formation is the foun- problem remains to be explored, that is, an efficient diaste-
dation for synthetic organic chemistry, and organometallic reoselective addition of the branche¢halo ester derivatives
reactions are among the superior processes. A classido ketones. In view of the stereochemical synthetic point,
procedure in this respect is the Reformatsky-type reaétion. this process would produce two stereogenic centers; however,
Many processes have been developed using?Ziur. very there have been a few examples with only moderate
high efficiency, new methods were developed, e.g., Rieke- diastereoselectivity. This is probably because the conditions
Zn32Zn—Cu couple’®® and Zn/Ag-graphitée utilizing other to achieve the additions to ketones are too severe to control
metals such as C¥Ni,3 Ce3 Mg,3¢"and indium?* however, the stereoselectivity in contrast to the facile additions to
some of these reagents must be freshly prepategspite aldehydes (Scheme 1). In addition, the difference in the rigid
these developments and considering the applicability and

versatility of the Reformatsky-type reaction, an enduring _

Scheme 1
(1) Reformatsky, SChem. Ber1887,20, 1210. X
(2) (a) Furstner. ASynthesid989, 571. (b) Rathke, M. W.; Weipert, P. & 0 R]_bw,.oa 5
In Comprehensive Organic Synthesis; Trost, B. M., Fleming, I., Eds.; Sy, | L i
Pergamon: New York, 1991; Vol. 2, p 277. ) D’ B Reformatsky’ Conditions El/do OEt
(3) (a) Rieke, R. D.; Uhm, S. &ynthesid 975, 452. (b) Santaniello, E.; R'

Manzocchi, A.Synthesid977, 698. (c) Csuk, R.; Furstner, A.; Weidmann, Efficiency and diastereoselectivity ?
H. J. Chem. Soc., Chem Commuad886, 775. (d) Burkhardt, E.; Rieke, R.
D. J. Org. Chem1985,50, 416. (e) Inaba, S.-I.; Rieke, R. Detrahedron
Lett. 1985, 26, 155. (f) Imamoto, T.; Kusumoto, T.; Tawarayama, Y.; . .
Sugiura, Y.; Mita, T_;(&atanaka, Y.; Yokoyama, NL. Org. Che,%/ 1984, steric demand between the two substituents on the carbonyl
g9,|390€;- %JJ)JMCOrr]iwakg TJ. l§3rgk._ Cpemliaggé?»llﬁi&( ,)(hg BorlP]o,J AB carbon importantly decides the degree of stereoselection. This
igley, D. B.J. Chem. Soc., Perkin Trans. , . (i) Paresh, J. D.; : . :
Shelton, D. R.; Little, R. DOrg. Lett.2003,5, 3615. (j) Shibata, I.; Suwa, ~ difference is much lower in the case of ketones than
T.; Sakakibara, H.; Baba, £rg. Lett.2002,4, 301 and references therein. ~ aldehydes. In fact, a survey of the existing examples on the
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addition of the branched-halo esters to ketones revealed
the difficulty in achieving good diastereoselectivit§e.g.,
Zn dust/p (anti'syn3:2)  Et,Zn/RhCI(PPhB)s (anti/syn1:1) 52

Table 1. Indium-Based Diastereoselective Reformatsky-type
Reaction of Ketone$§ with 6a—c

and low-valent tantalum (ds 17:1%). 0 Br In or In(1)X HO R1 O
Taking an impetus from the recently advancing selective Dbm + E‘O\ﬁ’w{ :;u::':mp )" OEt
reactions based on indiufdwe envisioned the indium-based i gensd ]
diastereoselective Reformatsky-type reactions of ketones. We 6cin =11 _ _
herein report our investigations on the stereoselectiv€C mooten et i e mewd e Ll
jons usi P TGS W
bond formations using In or In(1)X. _ . [,/xl. o s b B3 b (LR e e
The scope and result of the reactions of the branched ¢~ sa s b o ikl redid
o-halo ester derivatives such &a—c with ketones in the s m 10 C e
. . InCly 2.0%
Reformatsky-type condition and the degree of stereoselection , s, oo i E 7oin= i
; ; . ; i 5a cn=1 in= ; ;
yvould_depend on two essential things: .(a) alarge difference . 2 s ol A 7o, 6 (3017
in steric demand between the two substituents on the carbonyl  « 52 sen=ttmsr 707 A Ten=H o 7eS1(8218)
carbon of ketones and (b) the strict conformation of a six- O Mool 328 /:b[/\._/ﬂ--ca 8a: 99 (75:25)
membered cyclic transition state that would result from a =~ Mg 8 TUTURE s B A (b Bas0 a0
transient indium enolate E” or “Z”). In an initial experi- e R Sl
ment, to a mixture of acetophenone and ethyl 2-bromopro-  » B,/*:,»_,U/ sc eunzom 30 B [ ] & OFtsa sz
pionate in dry THF was added indium metal powder at room & Ttan=0" _
. . a Sc 6bn=1 In 25°% A 9b;n=1 9b; 97 (B2:18)
temperature, and the resulting mixture was heated to reflux Ji H Me 0
to gffprd the product?la5v6 in 98% yield with diastereose- p ij"‘/j’w‘ B et s % : u o e
lectivity of 75:25 @nti/syn) (Table 1, entry a). We found M Me ﬁga;nw' R
. . P . = c 10c. n=11 I, 3
that dipping the flask containing all the contents indry THF % % fen=rin 88 A W09
into a preheated bath for 1 h gave the product with higher . ("’“n"ﬂ“r"m B, Ba S [f’-“w-]/ E;;"‘-oa 11a; 80 (60:31)
selectivity 84:16 énti/syn) (entry b). Then we were interested s “Tain=0
in employing the indium(l) halides for the above stereose- [ || M Me sanso m 70 . 1 S
. . . . . St yn=0 In 70 min® -
lective reaction. Indium(l) bromide is found to be more ) HQ Me ©
i~ indli i indi ineli _ t ‘n=0 in® A F 7S 7 TOEt13a; 98 (85:15
efflc!ent _thqn indium(l) lchlorlde or |n(.j|.um(l) |0Q|de. Em G L\../L;.,_JL _M:a L ;[%L:_’_ G ki
ploying indium(l) bromide gave significantly higher dia- N . A S
.. . . . . cn= an® ‘n= : &
steroselectivity with very good yield. The generality of this % = Sbine1ingr30f A fbined , twseEi)
. . . . N HO, Me
|mportant stereoselective reactlpn was demonstrated with a /[J\ T T RO
variety of ketones as summarized in Table 1. Electron- B T E,_J (o
: H H . . 0 “14a;n=0
withdrawing and donating groups slightly altered the dia- _ o Ma0
PR . . - = n= © 3 15a; 85 (8614
stereoselectivities. The reactions with tlhehalo ester L) g3h=ti ae S i 6 2N
i 1 1 1 i 4 f ['\'\\./l L //"] ('—*L'\
derivative6c having a long carbon chain length also afforded > St
the products7c and 10c with high diastereoselectivities z N LT I A" s g RRANED
. . . . _,/4"\..r L ".:. /l
(entrleslj, k and q). Employing other conditions such as L\w}\ L lexn=bw 10 : ,\T.X\g_ L 16a® 90 (32:18)
ultrasonication/rt, solvents such as MeCN and DMF, or using 5 | OMe Fga
MeCH(CI)COOEt or RX/Nal -in DMF/rt system$ were i o B e Y OHO
. . . . . . i Wy a, n= 2 o - 2
ineffective. Compared to the existing methods, the indium- & 5 iy (0 REAREES

based reageritbehaved in a distinctive manner with respect
to the diastereoselectivify.
Stereochemistry.We have isolated both the major and

an all reactions,5 (1 mmol), 6a—c (1.6—1.8 mmol), In/In(1)X (~1.2
mmol), and dry THF £2 mL) were used. Ratios @fnti/synisomers are

minor isomers in pure form in some cases. The ester shown in parenthese%See the Supporting Information for the details of

derivatives (of alcohols) of major isomeds; and13a were

(4) For recent reviews, see: (a) CintasSknlett1995, 1087. (b) Podlech,
J.; Maier, T. C.Synthesi®003, 633. (c) Nair, V.; Ros, S.; Jayan, C. N,;
Pillai, B.; S. Tetrahedron2004,60, 1959. (d) Chan, T. H.; Li, C.-J.; Lee,
M. C.; Wei, Z. Y. Can. J. Chem1994,72, 1181.

(5) (a) Kanai, K.; Wakabayashi, H.; Honda, @rg. Lett.2000,2, 2549
and references therein. (b) Aoyagi, Y.; Tanaka, W.; Ohtal.A£hem. Soc.,
Chem. Commun1994, 1225. (c) Delaunay, J.; Orliac-Le Moing, A,;
Simonet, JTetrahedron1988,44, 7089. (d) Canceill, J.; Basselier, J. J.;
Jacques, Bull. Soc. Chim. Fr1967, 1024.

(6) Ross, N. A.; Bartsch, R. AJ. Org. Chem.2003, 68, 360 and
references therein.

(7) For some recent papers, see: (a) Kumar, S. KaufeRahedron
Lett. 2004 45, 3413. (b) Loh, T.-P.; Yin, Z.; Song, H.-S.; Tan, K.-L.
Tetrahedron Lett2003 44, 911. (c) Yi, X.-H.; Meng, Y.; Li, C.-3J. Chem.
Soc., Chem. Commuh998, 449. (d) Hirashita, T.; Kamei, T.; Satake, M.;
Horie, T.; Shimizu, H.; Araki, SOrg. Biomol. Chem2003,1, 3799. (e)
Babu, S. A.; Yasuda, M.; Shibata, |., Baba, 8ynlett2004, 1223. (f)
Paquette, L., ASynthesi003, 765.

4476

methods A—C* ¢ The contents of the reaction mixture were dipped into
a preheated bath at reflux temperaturg6—69°C). 4 5a (1 mmol),6¢ (2
mmol), and indium (2 mmol) were usetlisolated as a mixture of
diastereomers.

prepared according to the literature mettadl the crystalline
forms, suitable for the X-ray structure analyses. The stereo-

(8) For early works dealing with nondiastereoselective Reformatsky-type

reactions, see: (a) Chao, L.-C.; Rieke, RJDOrg. Chem1975 40, 2253.

(b) Nair, V.; Jayan, C. N.; Ros, Setrahedron2001,57, 9453. (c) Araki,

S.; Ito, H.; Butsugan, YSynth. Commun1988, 18, 453. (d) Araki, S.;
Katsumura, N.; Kawasaki, K.-I.; Butsugan, ¥..Chem. Soc., Perkin Trans.

1 1991, 499. (e) Schick, H.; Ludwig, R.; Schwarz, K.-H.; Kleiner, K;
Kunath, A. Angew. Chem., Int. Ed. Engl993,32, 1191. (f) Araki, S.;
Katsumura, N.; Kawasaki, K.; Butsugan, Y. Chem. Soc., Perkin Trans.
11991, 499. (g) Vi, X.-H.; Meng, Y.; Li, C.-JTetrahedron Lett1997,38,
4731.
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chemistry of products was unambiguously derived from the
single-crystal X-ray structure analyses of the ester derivefives.
Representative X-ray structure analyses of derivatives of

ICH,COOEL-
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Figure 2. Partial'H NMR spectrum of ICHCOOEt-indium in
THF-dg for 60 min and then with benzaldehyde.

T
= i

products unequivocally revealed the formation arfti
isomers as the major products.

Reaction Pathway.Theoretically, an acyclic mechanism
(path “a”) is expected to givanti/synisomers in the ratio
of 50:50; however, the high diastereoselectivities in the

(Figure 2), and the peak at2.08 was also slowly consumed
over 3 h. But the peak &t 1.84 was unchanged even after
43 h. Later, this singlet peak at1.84 was proved to be the

present indium-based experiments undoubtedly indicate anmethyl protons of CHCOOEt, which could result from the

involvement of a highly favored cyclic transition intermediate
mechanism (path b). Further, the predominant formations of

active species in the presence of adventitious water.

anti isomers ovesynisomers, which was confirmed in the ||| NN N

single-crystal X-ray structure analyses, noticeably suggest
the participation of the stereochemically preferred transient
E enolates in the transition state of the reaction pathway.
Thus, the interesting reaction pathway involved in the

indium-employed Reformatsky-type reactions could be pre-
dicted as shown in the Scheme 2.

IH NMR Studies. We next intensively investigated the
active species formed from an alkyl halide with In or indium-
() halide (Figures #5). An NMR tube containing an
equimolar mixture of ICHCOOEt and indium powder in
THF-ds was subjected to ultrasonication at 4 NMR
spectra were recorded at different intervals. Three indepen-
dent singlet peaks at 2.08, 1.85, and 1.84 appeared (~10
min, Figure 1a). The intensity of the peak @tl.84 was

(a) (b)

2.08 ppm

1.86 ppm 1.84 ppm
2.08 ppm 1.86 ppm \pp/ PP

T T T
H 1 H

T

Figure 3. Partial'H NMR spectra of ICHCOOEt with In(I)I in
THF-ds for (a) 20 min and (b) 90 min.

(a) 1ICH,COOF1- (b)
‘/ 1.85 ppm . 2)
1.85 ppm\ 1.84 ppm \
X pP‘n\A / Akzlog ppm |

Figure 1. Partial'H NMR spectra of ICHCOOEt-indium in THF-
ds for (a) 10 min and (b) 60 min.

gradually enhanced over a period of 1 h (Figure 1b, see the
Supporting Information). Quenching with benzaldehyde
caused an immediate disappearance of the peak1a85

Org. Lett, Vol. 6, No. 24, 2004

Surprisingly, a similar trend was observed from an
equimolar mixture of ICHCOOEt and In(l)l in THFds
(Figure 3a,b). Initially, the subsequent appearance of two

(9) (a) With respect to yields and diastereoselection, In and InBr afforded
a similar trend. But InCl and Inl furnished relatively a moderate selectivity.
One of the reasons might be that dissimilar halide ions react with the
o-bromo ester to form the active enolates. (b) Vedejs, E.; Daugulig, O.
Org. Chem1996 61, 5702. (c)Typical Experimental Procedure (Method
A). To a solution of5c (1 mmol) and6a (1.8 mmol) in dry THF (1.8 mL)
was added indium powder (1.2 mmol) at room temperature. The flask was
dipped into an oil bath and stirred, the bath temperature was allowed to
rise until it reached 67—69C, and the reaction was continued for a total
of 3 h. Then, the reaction mixture was cooled to room temperature. Cold
water (6 mL) addition, ultrasonication (1 min), ether extraction, concentra-
tion, and repetitive column chromatography afforded kaotti/synisomers
(9a; and 9a, respectively) in pure form. See the Supporting Information
for the experimental details and the X-ray structure analyses of ester
derivatives9aB and 13aB, respectively, prepared from the respective
alcohols9a and13a (anti isomers).
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Figure 4. Partial'H NMR spectra of (a) ICHCOOEt with In(l)I
in THF-ds for 90 min and then with benzaldehyde and (b) BeEH
COOEt-indium in THF-d for 15 min.

new singlet peaks)(2.08 and 1.86) was observed (about 8
and 20 min). A third peak ai 1.84 (CHCOOEt) appeared

I
(@ |

Al* active species (6 2.40)
A2* active species (6 1.29 and 1.27)
B1 and B2 = methyl propionate

a1 L
H In—L
Az

:—130"’{“‘-:.00(:H3
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Figure 5. Partial'H NMR spectra of (a) MeCH(Br)COOMe with
indium in THFds, heated at 7672 °C for 30 min, and (b) with
addition of 4-chloroacetophenone.

active species involved in the case @fhalo esters with

50 min later. Quenching with benzaldehyde caused the indium reagents revealed the following inferené¥ga) the

selective disappearance of the peakddt.86 (Figure 4a).
The peak at 2.08 was also consumed slowly. In the case
of BrCH,COOQOEt with In, three singlet peaks@tl.96, 1.84,
and 1.81 €15 min, Figure 4b) were observed, the peaks
corresponding t@ 1.96 and 1.81 were found to be active,
and the singlet peak at1.84 was inactive and found to be
the methyl protons of MeCOOEt (see the Supporting
Information).

In a further experiment, a mixture of MeCH (Br)COOMe
and indium in THFeg was heated at 70C for 30 min. The
IH NMR spectrum revealed the formation of two new doublet
signalé*®ato 1.29 and 1.27J = ~7 Hz), corresponding to

the methyl protons (Figure 5a, protons denoted as A2*) of

two new active speci€€2P In addition, we also found the
formation of methyl propionate (Figure 5a, B1 and B2).
Plausibly, in the cases of MeCH (Br)COOMe and
XCH,COOEt, MeCHCOOMe and MeCOOEt, respectively,
could result from the highly active species or the highly

chemical shift values corresponding to the methylene/
methane proton suggest that two independent alkyl indium
species having aro-metalated structure with different
oxidation states are formed; (b) one of them is very active,
the real precursor of a transient indium enolate; (c) it is
informative that the same kinds of transient active species
are involved in both the indium metal and In(l)X systems.
Although these results may be correlated with allyl halide
case'? we observed two kinds of active species in the case
of a-halo esters with In or In(I)X under anhydrous condi-
tions. Hence, the structures of active species with respect to
the chemical shift values will be accounted for in due time.
In conclusion, we have shown that indium-based reagents
exhibit a distinctive diastereoselective pattern for the Re-
formatsky-type reactions of ketones with the branaléthlo
esters. In or In()X afforded the similar types of active species
and reactivity trend. Demonstrations of the reaction path and
groundwork investigations on the transient active species

unstable indium enolate derived from an ester carbonyl groupformed from thea-halo esters and indium reagents were
in the presence of adventitious water. Thus, this quenchingcarried out.

of active species indicates why no Reformatsky reaction

occurs in water as the solvefit.
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(10) (a) At this stage, 4-chloroacetophenone was added and the mixture
heated for 30 min, which revealed the disappearances of peaks corresponding  Supporting Information Available: Experimental pro-

to the active species. Further usual workup and #HeNMR spectrum
revealed the formation @nti/synisomers of the respective alcohols (Figure
5b). (b) See the Supporting Information for the ftifl NMR spectral region.
(11) (a) In a different experiment, when the reaction mixture was left
overnight, only methyl propionate was observed. (b) In the case of InCl
with ICH,COOEt three singlet peaks @tl.92 (broad), 1.84 and 1.75 were

observed. The singlet peak at 1.84 was inactive and accounted for CH

protons of MeCOOEt and the other two were found to be active. Similarly,
InCl with BrCH,COOEt, two singlet peaks were observéd,.88 (active)
and 1.84 (accounted for GHprotons of MeCOOEt). InGlwith CICH,-
COOEt did not afford any new signal.
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Butsugan, YJ. Org. Chem1988,53, 1831.

Org. Lett, Vol. 6, No. 24, 2004



